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The European Commission is preparing a new regulatory initiative for monitoring CO2 emissions and fuel
consumption of Heavy-Duty Vehicles in Europe. The new methodology is based on a combination of
component testing and computer simulation of the vehicles' fuel consumption. A study was launched
aiming to demonstrate that the approach is accurate and representative of the actual performance of
vehicles. Experiments were conducted on two trucks, a 40 t Euro VI long haul truck and an 18 t Euro V
rigid truck. Measurements were performed both on the chassis dyno and on the road. Simulation
software was used for simulating the tests. Its ability to capture vehicle performance and fuel con-
sumption was assessed against the measured data. Simulation results closely matched those of the dyno
tests with the ﬁnal simulated fuel consumption deviating by about ±2e4% compared to the measured
value. Over the tests performed on the road, the ﬁnal fuel consumption laid within a ±3.5% from the
measurement. Given the variability of the actual measurement (s  2%), it is concluded that a future
ofﬁcial vehicle certiﬁcation scheme can be based on this approach and achieve both high representa-
tiveness, compared to the vehicle's actual performance and high vehicle-to-vehicle, accuracy.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The transport sector contributes some 24% of the EU's total
carbon dioxide (CO2) emissions [5], the largest share of which is
attributed to road transport. HDV (Heavy Duty Vehicles) account for
an important share of the road transport CO2 emissions, which for
Europe is estimated to be approximately one quarter [9]. Similar
ﬁgures have been reported for the U.S [33]. Estimates suggest that
HDV operation accounts for approximately 6% of the total CO2
emissions in Europe [5]. More concerning are the trends in energy
demand and CO2 emissions from the HDV sector, which presented a
continuous increase in the near past. According toWhyte et al. [30]uthors and may not in any
e European Commission.
(G. Fontaras).
Ltd. This is an open access article ufreight transport energy demand within the EU-27 has grown by
40% between 1990 and 2005. Facanha et al. [11] suggest that in the
next decade HDVs could overtake LDV (light duty vehicles) as the
largest contributor to fuel consumption and CO2 emissions within
the transport sector. Curbing the CO2 emissions of the HDVs glob-
ally is of key importance for increasing the sustainability of the
transport sector.
The EC (European Commission) in its 2011 “White Paper on
transport” [6] describes a pathway to increase the sustainability of
the transport system with technological innovation and suggests
that reducing vehicle speciﬁc FC (fuel consumption) can mitigate
the effect on overall CO2 emissions [7]. A robust CO2 and fuel
consumption monitoring method is fundamental for short-term
policy planning and vital for a deeper implementation of any
additional initiative. Such a method should reﬂect e to the best
possible extent e the actual performance of the vehicles over real
operating conditions as well as the comparative advantages of
different vehicle models and technology packages available in thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Nomenclature
CO2 Carbon Dioxide Emissions
CSV Constant Volume Sampler
DPF Diesel Particle Filter
EC European Commission
EGR Exhaust Gas Recirculation
EPA Environmental Protection Agency
ETC European Transient Cycle
EU European Union
FC Fuel Consumption
HDV Heavy Duty Vehicle
JRC European Commission's Joint Research Centre
LDV Light Duty Vehicle
NDIR Non-Dispersive Infrared sensor
OBD On-Board Diagnostics
PEMS Portable Emissions Measurement System
RDC Regional Delivery Cycle
SCR Selective Catalytic Reduction
VECTO Vehicle Energy consumption Calculation Tool
WHVC World Harmonised Heavy Duty Vehicle Cycle
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user and better supports the introduction into the market of ve-
hicles with lower fuel consumption [2].
While for light duty CO2 emissions a commonly agreed moni-
toring method exists in Europe, HDV emissions so far are not being
monitored. In addition, a standardized and consistent way for
quantifying such emissions does not exist. This is not the case in
other countries where HDV CO2 monitoring schemes have been
adopted [27]. Monitoring and subsequently regulating CO2 emis-
sions of the European LDVs has initiated a trend towards lower CO2,
despite the fact that the recorded improvements do not entirely
appear over real world operation [12,25]. Such trends have also
been conﬁrmed in other regions outside the EU both for LDVs [32]
and HDVs [21]. Due to the absence of consistent CO2 emissions
monitoring no ofﬁcial baseline exists for CO2 emissions and fuel
consumption of HDVs in Europe. For instance, the study of AEA-
Ricardo [2] reported an average value of 30.9 l/100 km for long-
haul tractor-trailers, while approximately 20% higher fuel con-
sumption rates (36e38 l/100 km) were reported in an ICCT study
for Euro V, VI, and EEV trucks tested in Germany [28]. In order to ﬁll
this gap, the EC has initiated a series of e still on-going e projects.
Aim of the research performed is the establishment of a compre-
hensive, standardized and accurate method to quantify and report
CO2 emissions from HDVs.
The issue of energy efﬁciency of HDVs is also important because
of its connection to other policy instruments. For example, the
public procurement legislation in Europe requires that within the
criteria set for the procurement of vehicles, energy efﬁciency and
environmental performance speciﬁcations have to be taken into
consideration. This is important as certain categories of HDVs (eg.
City Buses, Refuse Trucks) are purchased in large numbers by public
organizations. Nevertheless, no uniform approach exists for per-
forming a fuel consumption or CO2 assessment of different vehicles
of the same class. Several scientiﬁc studies have been published in
literature assessing criteria pollutants and CO2 emissions under real
conditions, in Europe, the US and China. It is difﬁcult however to
extract a general conclusion on the fuel consumption or fuel
economy performance of HDVs due to the diversity of these vehi-
cles, both inside a single market and across different markets, butalso due to a series of other factors such as the measurement
methods used and the test cycles, particularly on a global scale. The
example of test cycles is characteristic. In a US based study Kar-
avalakis et al. [18] applied the William H. Martin RT (Refuse Truck)
Cycle to simulate waste hauler operation e in order to evaluate the
performance and measure the emissions of a refuse hauler vehicle.
In Europe, Fontaras et al. [14] performed a fuel consumption and
emissions study on refuse using test cycles speciﬁcally designed for
the study. On a completely different basis, Lopez et al. [22] evalu-
ated real-world emissions of refuse trucks on-road in Madrid. For
buses, studies are also performed on a variety of conditions ranging
from lab tests to real world tests. Hajbabaei et al. [17] tested three
buses over a specially developed CBD (Central Business District)
cycle, while in Finland Nylund et al. [26] evaluated the performance
of a series of buses over the Braunschweig Bus Cycle and the Orange
County Bus Cycle. Further to different chassis dyno tests, Lopez
et al. [23] evaluated the real-world emissions of city buses in
Madrid over real world conditions, while Liu et al. [21] also con-
ducted on-road measurements on urban buses in Beijing city under
different conditions. It is hard to draw solid conclusions on the CO2
emissions performance from the various tests described in the
abovementioned studies. It is understandable that different oper-
ating conditions, different vehicle characteristics and study aims
call for different approaches.
Initial studies and feedback received from involved stakeholders
suggested that the approach that best ﬁts the characteristics and
particularities of the HDV sector involves a combination of
component testing and computer simulation [2]. Similar ap-
proaches have already been adopted by other major markets such
as the US and Japan [27] and vehicle simulation is more or less a
standard tool for scientiﬁc analysis used by many researchers [31].
Measurement of vehicles or their components is in any case
fundamental for building accurate and reliable models and it is
foreseen in all certiﬁcation approaches already established [28].
For Europe in particular, a vehicle simulation software (Vehicle
Energy consumption Calculation Tool, or VECTO) is being devel-
oped [15], in which total fuel consumption is simulated based on
vehicle longitudinal dynamics from the input data on the vehicle
and engine characteristics [24]. Equally important is the develop-
ment of the necessary test protocols for measuring individual
vehicle components and producing the required input data for
running the simulations [19]. A ﬁrst proposal on such a method-
ology has been already drafted [24] and covers a wide number of
aspects related to HDV energy consumption and CO2 emissions
performance. The plausibility of such a simulation-based approach
was assessed in an extensive experimental campaign conducted by
the EC's JRC (Joint Research Centre). This study is one of the few to
provide detailed experimental data for supporting the plausibility
of the simulation-based approach. This paper summarizes the
ﬁndings of the study and further attempts to investigate the
effectiveness of the monitoring methodology with regard to the
accuracy and repeatability of the quantiﬁcation of fuel consump-
tion from complete vehicles.
2. Policy background
It is commonly agreed that current trends in CO2 emissions from
HDVs are unsustainable. CO2 emissions are estimated to have grown
by about 36% compared to the 1990's levels despite the economic
crisis interrupting the previous steady growth. HDVs account for
approximately 5% of total EU CO2 emissions, which is greater than
the individual share of international aviation or shipping. As
mentioned previously, CO2 emissions from HDVs are expected to
remain e at best e stable over the long term if no action is taken.
Such “no policy change” outcomes are clearly incompatiblewith the
G. Fontaras et al. / Energy 102 (2016) 354e364356EU long-term objective of reducing GHG emissions from transport
by around 60% by 2050 (vs. 1990 levels). In view of that reasons, the
EC adopted a Communication entitled “Strategy for reducing HDV
fuel consumption and CO2 emissions” [7].
HDV CO2 Regulatory Announcement issued in 2011 by the US
EPA (Environmental Protection Agency) did not cover the complete
emissions of each vehicle, but only the cabin and chassis parts, in
combination with a separate rule on engine emissions. The EPA is
currently preparing a revised rule [10], which will be applied in
2018 and aims in covering the entire vehicles' emissions. Japan has
a fuel consumption rule with targets based on the best-performing
vehicles. Over the long term, the various national legislations are
expected to converge, as those addressing emissions of vehicles'
exhaust gases have already done. Despite that EU manufacturers
account for over 40% of the global production of HDVs, as explained
previously the Commission's whole vehicle measurement
approach is not comparable with those of the US and Japan [28]. For
that reason, the Commission has put great effort in recent years into
developing the VECTO (Vehicle Energy Consumption calculation
Tool), a computer simulation tool to estimate HDVs' fuel con-
sumption and CO2 emissions for thewhole vehicle. Accordingly, the
ﬁrst priority is to close the knowledge gap on these emissions and
to start their registering and monitoring.
In the Energy Union package and the communication from the
Commission to the European Parliament, the European Economic
and Social Committee, the Committee of the Regions, and the Eu-
ropean Investment Bank [8] it was clearly mentioned that fuel ef-
ﬁciency should be increased and CO2 emissions from HDVs and
buses reduced. The establishment of a reporting and monitoring
system for HDVs (trucks and buses) with a view to improve pur-
chaser information is foreseen by 2017. Action to reduce HDV CO2
emissions and to improve their fuel consumption contributes to a
forward-looking climate change policy, energy security, and efﬁ-
ciency and thereby green growth. It should boost jobs, growth and
investment, innovation, R&D and the industrial base and improve
social equity.
In this context, the EC is working on a series of near and longer-
term policy targets. Further development of the VECTO simulation
methodology is deﬁnitely a priority; its testing to ensure the tools
capacity to demonstrate the advantages of different vehicles and
technology combinations is paramount, while it needs to retain
good accuracy compared to real world fuel consumption experi-
enced by the user and the corresponding emissions. In parallel,
signiﬁcant amendments of the European certiﬁcation legislation
are necessary to enable the application of the monitoring process
when each vehicle is produced/registered. To achieve this it is
necessary to carefully prepare a possible co-decision legislation, a
process that is expected to lead to a ﬁrst proposal within 2016 and if
possible to a ﬁrst report within 2018.
In the meantime, VECTO software and methodology are un-
dergoing continuous development and testing, with relevant
campaigns launched both from EC side and within the industry.
Although conventional diesel powertrains are expected to remain
the principal market option also in Europe as in the US [3], possible
extension to other technology options, such are hybrid power-
trains, will be investigated with the intention to be covered by
future phases of the regulation.3. Methodology
Two series of tests were performed in order to assess the quality
of the proposed CO2 monitoring approach. At ﬁrst, laboratory
measurements under highly controlled environmental conditions
were conducted on the JRC's HDV chassis dynamometer, whichwere followed by real world measurements performed on the road
with the PEMS (Portable Emissions Measurement System).
3.1. Test vehicles
Two vehicles were employed for the purposes of the present
study, a 40 t Euro VI articulated truck and an 18 t Euro V. Table 1
demonstrates the main characteristics of the vehicles as well as
their main input data. Both vehicles were provided by the OEMs in
their standard operating conﬁguration.
For a more accurate measurement of the road loads imposed on
the vehicle during the tests, both vehicles were instrumented dur-
ing all measurements with torque measurement devices (Table 1).
This allowed e on a second step e a better validation of the forces
simulated by VECTO and an assessment of the origin of the inac-
curacies in the calculations.
3.2. Chassis dyno tests
All chassis dyno measurements were performed at the Vehicle
Emissions Laboratory (VELA 7) of the EC's JRC. VELA 7 is equipped
with a chassis dynamometer (Zoellner GmbH, Germany) that can
host trucks and buses of up to 40 t in gross vehicle weight, 12 m in
length, and 5 m in height. The maximal test speed that can be
applied is 150km/h. The test cell canbe conditionedbetween30 C
and þ50 C with relative humidity between 15% and 95% (in the
temperature range of þ5 C to þ25 C). The CVS (constant-volume
sampler) for full exhaust dilution (AVL, Graz, Austria) is equipped
with 4 Venturis of 10, 20, 40, and 80 m3/min in order to achieve a
maximum air ﬂow of 150m3/min. Dilution air is taken from the test
cell, conditioned to 22 C, andﬁltered throughHEPA (high-efﬁciency
particulate air) and activated charcoal ﬁlters. The climatic test cell of
VELA7has anair circulation system that provides enoughnumberof
cell air changes (15), in order to allow the testing of vehicles fueled
with diesel, gasoline, compressed or liqueﬁed natural gas and other
gaseous fuels. For the analysis of pollutant emissions, an AVL i60
AMA4000 systemwas employed. TheAMAsystem includes a rackof
analyzers of which the NDIR (Heated Non-Dispersive Infrared
sensor) was used for CO2 emissions measurement. CO2 was
measured downstream of the exhaust aftertreatment system of the
truck. In addition to the standard instantaneous CO2, instantaneous
fuel consumption was measured also with an AVL KMA Mobile fuel
ﬂowmeter [4]. The calculation of the engine work output over each
sub-cycle was based on the instantaneous engine torque and rpm
values which were recorded via the vehicle's OBD (on-board di-
agnostics) system.More information on the experimental setup and
the laboratory installations can be found in Ref. [13].
The daily test protocol consisted of a series of test cycles that
covered from commonly used operating conditions to highly dy-
namic speed-versus-distance cycles. More speciﬁcally, the cycles
adopted for the purposes of the study are: the WHVC (World
Harmonised Vehicle Cycle), the ETC (European Transient Cycle) else
reported as the FIGE driving cycle, and the RDC (Regional Delivery
Cycle). The WHVC and FIGE cycles have been commonly used for
emissions study of different types of HDVs, and consist of three very
distinct phases, the urban, rural and motorway. The speed versus
time proﬁle of these cycles is demonstrated in Fig. 1.
The RDC belongs to a group of recently developed distance-
based cycles that departs from the familiar concept of speed-
versus-time proﬁles. In these types of cycles, the actual speed of
the vehicle at any moment in time is produced by the simulator,
and is a function of the vehicle characteristics (weight, resistances,
and available power) and the modeled behavior of the driver. Such
an approach is considered much more realistic for evaluating the
performance of a multitude of different HD vehicles without
Table 1
Main vehicle characteristics and main input data origin.
Vehicle A B
Vehicle Type Rigid Articulated truck
Maximum vehicle weight [kg] 18,600 40,000
Test Mass [kg] 14,270 33,580
Engine Emissions Standard EURO V EURO VI
Rated power [kW] 265 330
Rated Torque [Nm] 1050 2200
Engine displacement [dm3] 9.2 12.8
Torque sensor type Half-shafts torque-meters Wheel-rim torque-meters
Exhaust emissions control system EGR, SCR Cooled EGR, DPF, SCR
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various driver aids, which are very common in HDV applications,
can also be demonstrated in the distance-based approach. Finally,
in order tomatch realistic conditionsmore closely, the RDC features
additionally the slope as a function of the traveled distance. The
RDC has been proposed to be included in the forthcoming CO2
monitoring and reporting legislation as a representative cycle for
rural delivery conditions in Europe. The speed versus time proﬁle of
the RDC is depicted in Fig. 2.
Two repetitions of each cycle were scheduled on each mea-
surement day. Tests were performed always under warm start
conditions under the following sequence: WHVC, ETC, and RDC.
The protocol was repeated for 4 days in the case of vehicle A and 3
days for the vehicle B.3.3. On-road tests
Afterwards, the vehicle was equipped with PEMS (Portable
Emission Measurement System) instrument, which consists of a set
of analyzers and an exhaust ﬂow meter used to measure theFig. 1. Speed versus time proﬁle of WHVC (Up) and FIGE (Bottom).exhaust mass ﬂow. In respect to this, the system used in this project
employs a mass ﬂow meter (EFMs) equipped with differential
pressure devices and thermocouples, which measure the exhaust
temperature. The PEMS system was manufactured by SEMTECH.
For the purposes of the study only the NDIR analyzer (range 0e20%,
accuracy ± 0.1% or ± 3% of reading) for measuring CO2 emissions
with the aim to cross verify the accuracy of the fuel consumption
ﬂow meters was used. More information on the PEMS system can
be also found in Ref. [29].
On-road tests around the JRC site were performed to simulate
real-world emissions. A mixed route of total distance of 108 km
which consists of urban, rural and highway parts was driven during
on-road test (Fig. 3a). The scope in this case was to obtain a mix of
operating conditions similar to those of the chassis dynamometer
tests.
The route's statistics over an average test with the two vehicles
are summarized in Table 2. Vehicle Awas tested 5 times and Vehicle
B was tested 3 times over this route. A mobile KMA fuel ﬂowmeter
(of AVL) was used for measuring instantaneous fuel ﬂow in the case
of vehicle A. This method was not applied to vehicle B due to
technical restrictions. In that case an on-board fuel ﬂow meter
installed by the OEM was used for recording instantaneous fuel
consumption. A validation against instantaneous CO2 data recorded
during the lab tests was performed and showed that the installed
fuel ﬂow meter provided highly accurate readings. A similar com-
parison was performed for the KMA instrument during the chassis
dyno tests of vehicle A, which also suggested good instrument
performance and accuracy.3.4. Vehicle simulator
The VECTO-simulator is the core component of the proposed
methodology. The software simulates CO2 emissions and fuel
consumption based on vehicle longitudinal dynamics using a driver
model for simulation of target speed cycles. The load required byFig. 2. Speed versus distance proﬁle of RDC.
Fig. 3. (a) Route for on-road tests tests performed: A/J/ B: Rural Section (11.8 km), B/ C: Urban Section (7.3 km), C/ D/ E: Highway section (54 km), E/ G: Urban Section
(11.9 km), G/ J/A: Mix Rural and Urban Sections (23 km); (b) Comparison of actual vehicle speed recorded during the on-road test compared to the derived target speed used in
the VECTO simulation (scenario 1) as a function of trip distance.
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based on the driving resistances, the power losses in the drive train
system, and the power consumption of the vehicle auxiliary units.
Engine speed is determined based on a gear-shifting model, the
gear ratios, and the wheel diameter. Fuel consumption and CO2
emissions are then interpolated from an engine fuel/CO2 map.
Currently, in each timestep VECTO interpolates the engine fuel
consumption based on the simulated engine speed and torque from
an engine fuel map measured in steady state conditions at theTable 2
Driving phase distribution of a typical on-road trip.
Trafﬁc conditions Share in total trip time duration
Low speed <50 km/h [~Urban] 25%
Medium speed <70 km/h [~Rural] 25%
High speed  70 km/h [~Motorway] 50%engine test bed. To overcome the shortcomings introduced by the
use of steady state fuel map in for the simulation of transient
operating conditions, it is foreseen in VECTO that a correction factor
is applied. This correction factor shall be determined based on the
quotient of measured fuel consumption in a transient real world
cycle (most probably the WHTC) and the simulated fuel con-
sumption for this cycle based on the steady state engine fuel map.
More details on the procedure for obtaining the map and the
correction function are provided in Ref. [24].
The main characteristics of the current VECTO version can be
summarized in the following list:
 Backwards-calculating, quasi-stationary longitudinal dynamics
model with pre- and post-processing loops (e.g. for time to
distance conversions, driving aids and WHVC corrections);
 Time-based or Distance-based cycles (time-steps may have
varying duration, distance-steps must be at most 1 m in length);
 1 s (1 Hz) Internal and Output time-steps;
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ation and breaking curves, gear shifting, coasting);
 Input and output via text-ﬁles;
 Implemented as Visual Basic. NET application (Windows);
 Graphical user interface for calculation control and editing of
the main input ﬁles;
 Declaration modewith locked-values and cryptographic signing
of results for certiﬁcation purposes.
The simulation-core is summarized schematically in Fig. 4.
Additional information about the software and its functionality can
be found in Fontaras et al. [15] and Luz et al. [24].
A series of studies have shown that VECTO performs adequately
and in a similar way as other established commercial or regulation
oriented simulators [1,16,20], therefore, the purpose of this study is
not to consider further the architecture and implementation of
VECTO, as a software project.
4. Results and discussion
4.1. Chassis dyno measurements
The scope of these tests was to investigate the quality of the
simulations under strictly controlled environment and operating
conditions (no uncertainties introduced due to varying wind,
temperature, and trafﬁc or road load conditions), compare the
uncertainty of the simulation runs to that of the chassis dyna-
mometer tests, and ﬁnally obtain a broader picture of the simula-
tor's accuracy.
4.1.1. Vehicle A
Fig. 5 summarizes the fuel consumption results measured and
simulated over the three tested driving cycles (WHVC, FIGE and
RDC). The results are presented normalized against the average
values measured with the reference fuel ﬂowmeter (AVL KMA).
Green lines represent the simulated fuel consumption at selected
points in time during the test.
As shown in subﬁgures a, c, e (left column) the total fuel con-
sumption simulated with VECTO matched closely the experimen-
tally measured for WHVC and FIGE cycles. The differences between
calculated and measured results were in the order of 2%. On the
other hand, over the RDC the difference between measured and
simulated fuel consumption was found to be at a 5% margin. This
could be due to a less repeatable vehicle operation over the RDC
compared to the other cycles, which results in higher measurementFig. 4. VECTO's simulation-core.uncertainty. Still the increased fuel consumption over the simula-
tion suggests a possible overestimation of a particular vehicle load,
possibly the consumption of auxiliary systems.
As shown in subﬁgures b, d, and f vehicle fuel consumption was
simulated quite accurately not only over the entire cycles but also
for their duration. In most cases, the difference between measured
and simulated accumulated fuel consumption was in the order of
5% or less, with its highest value reaching temporarily 12% over the
FIGE cycle (Fig. 5d). The results for each cycle could be summarized
to the following:
 Very good overall performance was observed over the WHVC
cycle where the simulated fuel consumption closely matched
the measured one, being almost always within a ±2% of the
measured value. An exception was observed at the initial part of
the cycle where a high underestimation was observed. Despite
that the engine was hot at the beginning of the WHVC due to
prior pre-conditioning, the same did not apply for the other
components of the vehicle (gearbox, axles, etc.) which remained
colder and not thermally stabilized. The model does not take
into account such behavior, as all calculations are made for
thermally stabilized, warm conditions, thus resulting in possible
underestimations of power demand and fuel consumption
when compared with the test conditions.
 In the case of RDC the simulated fuel consumption presented an
almost constant offset of about 5%, throughout the whole cycle.
As hinted by the analysis of accumulated power at the wheel,
further below, this increased fuel consumption maybe attrib-
uted to an overestimation of a particular vehicle load such as
that of the auxiliary systems. Furthermore, deviations in the
input-parameters, such as the engine map or gearbox efﬁciency
map, could lead to such errors but in the particular case this is an
unlikely cause as the deviations do not appear consistently over
all cycles tested.
 The FIGE cycle demonstrated a rather mixed performance,
having both a constant offset of approximately þ5% and under/
over estimating fuel consumption depending on the part of the
cycle. In any case, the simulation versus measured fuel con-
sumption difference over FIGE presented high ﬂuctuations,
reaching the maximum values observed over all cycles tested. A
closer look suggests an overestimation of fuel consumption over
the urban-rural parts followed by an underestimation over the
highway part, which brings the end result close to the measured
value.
To summarize vehicle A, the ﬁnal fuel consumption values of the
simulation were of good accuracy in comparison to the measured
ones, although there have been spots during the cycles which
ﬂuctuated more intensely. A more thorough investigation of the
assumptions for the simulation is needed before reaching solid
assumptions. However, the results of the comparison are satisfac-
tory, considering also the fact that no post optimization of the
model was done based on the experimental ﬁndings.
In terms of CO2 emissions Table 3 demonstrates the measured
CO2 values over the three cycles. For Vehicle A. CO2 emissions
varied between 518 and 615 gCO2/km with the WHVC cycle pre-
senting the highest value mainly due to its prolonged low speed
phase. The picture is similar when looking at the estimated CO2
emissions per kWh of work delivered at the wheel. In this case the
emission values ranged from 606 to 730 g/kWh.
4.1.2. Vehicle B
Fig. 6 summarizes the fuel consumption results measured and
simulated over the WHVC and FIGE driving cycles. Results are
presented normalized against the average values measured with
Fig. 5. Normalized simulated versus measured (¼1.0) fuel consumption of Vehicle A for WHVC (aeb), FIGE (ced) and RDC (eef) cycles. Left column: Final fuel consumption over the
entire cycle (WHVC: 6 runs, FIGE: 5 runs, RDC: 6 runs). Right column: Evolution of the accumulated fuel consumption (dashed-purple line: average of measurements, red-dotted-
lines: uncertainty of measurements on a 95% conﬁdence interval, green line: simulated). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)
G. Fontaras et al. / Energy 102 (2016) 354e364360the reference fuel ﬂowmeter (AVL KMA). Green lines represent the
simulated fuel consumption at selected points in time during the
test.
For both WHVC and FIGE the ﬁnal fuel consumption simulated
values were quite accurate, with the measurement-simulation
difference remaining at low levels (approximately 2%). Again, the
results for each cycle could be summarized to the following:
 The evolution of the accumulated fuel consumption throughout
the WHVC cycle reveals very good performance of the model,
with differences not exceeding ±3%, and remaining always
within the uncertainty limits of the measurements. Again, an
exception was observed at the initial part of the cycle and it can
be attributed to the fact that the vehicle is not fully thermally
stabilized. VECTO appears to slightly underestimate theTable 3
Measured CO2 results from the chassis dyno tests of vehicle A.
Cycle CO2 emissions
(g/km)
Estimated speciﬁc emissions
(gCO2/kWh delivered at the wheel)
Vehicle 1 FIGE 518.5 694.4
WHVC 615.2 730.5
RDC 561.8 606.2consumption over the urban part of the cycle, assuming a fully
warmed up vehicle, while slightly overestimates the regional-
highway part. These observations coincide with those
described previously for the vehicle A over the same driving
cycle.
 The picture is quite different over the FIGE cycle where VECTO
signiﬁcantly underestimates consumption over the urban-
regional part of the cycle. The behavior over the highway part
counterbalances this effect resulting in an end result close to
the measured value. In any case, most of the time the simulated
fuel consumption was within 5% of the measured value which,
given the level of maturity of the simulation method, is
considered an acceptable performance. However, further
analysis should be conducted for identifying the exact origin of
such differences.
With regard to the tests of the Vehicle B over RDC, a notable
difference between measured and simulated fuel consumptionwas
observed, which was in the order of 10%. A post analysis of the
simulated power at vehicle wheel (Fig. 7 e Bar no 3) showed that
the sum of the simulated power exceeded by approximately 15%
the sum of the average power applied at the wheel during the test
(Fig. 7 e Bar 1), as measured with the wheel rim torque meter. This
difference was even greater e about 17% e compared to the sum of
Fig. 6. Normalized simulated versus measured (¼1.0) fuel consumption of Vehicle B for WHVC (aeb) and FIGE (ced) cycles. Left column: Final fuel consumption over the entire
cycle (WHVC: 5 runs, FIGE: 4 runs). Right column: Evolution of the accumulated fuel consumption (dashed-purple line: average of measurements, red-dotted-lines: uncertainty of
measurements on a 95% conﬁdence interval, green line: simulated). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
G. Fontaras et al. / Energy 102 (2016) 354e364 361the average power applied at the wheel by the chassis dyno (Fig. 7
e Bar no 2). This observation suggests a possible erroneous
assumption regarding vehicle resistances and operation of auxiliary
systems over this particular cycle, which most probably did not
appear neither on the road nor on the other chassis dyno simula-
tions. Therefore, results of this simulation were not further
considered.
Table 4 presents the CO2 emissions of vehicle B. CO2 ranged from
671 to 771 gCO2/km with the WHVC still presenting the highest
emissions. In terms of speciﬁc CO2 values per unit of work delivered
at the wheel, values ranged from 700 to 770 g/kWh over the entire
cycles with WHVC still demonstrating the highest emissions and
the rest two cycles demonstrating similar behavior.
Based on the overall picture obtained from both vehicles, and
considering the fact that the simulation models were not re-
optimized in view of the experimental ﬁndings, the dyno results0.9
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Fig. 7. Measured vs simulated power at wheel in the case of RDC for vehicle B. Error
bars correspond to ±standard deviation of the measurements.for both vehicles are deemed satisfactory. VECTO has the potential
to reproduce accurately different driving conditions and vehicle
conﬁgurations, particularly when certain sources of uncertainties
are limited. Given that more sophisticated models of vehicle
components are expected to be included in the future version of
VECTO (e.g. auxiliaries, gearboxes, drivelines, gear shifting stra-
tegies, recuperation systems, etc.) it is expected that will be
possible to simulate fuel consumption over different operating
conditions with results that will be within the uncertainty of the
measurements.4.2. On-road tests
4.2.1. Vehicle A
Among the 5 road-trips fully completed in case of Vehicle A, the
trip with total fuel consumption closer to the average of all trips
was chosen in order to perform the simulations with VECTO (test
run 1). The fuel consumption of this reference trip was measured to
be 0.8% lower than the average of all measurements. The full vehicle
speed, engine status, and weather conditions proﬁle of test run 1
were used for deriving representative driving cycles to be simu-
lated. The simulation analysis performed with VECTO aimed to
validate the simulated fuel consumption under two different
simulation assumptions (scenario 1 & 2):
 Scenario 1 followed a simulation approach based on target
speed proﬁle in contrast to the actual speed proﬁle driven. In
order to achieve this, the speed measured was converted into a
target speed proﬁle (speed as a function of distance). The
transformation was done by the respective vehicle OEM based
on custom built software develop for their internal simulator.
For a comparison between the actual and the target speed
proﬁle Fig. 3b is provided. This approach is proposed for the
Table 4
Measured CO2 results from the chassis dyno tests of vehicle B.
Cycle CO2 emissions
(g/km)
Estimated speciﬁc
emissions (gCO2/kWh
delivered at the wheel)
Vehicle B FIGE 671.8 736.9
WHVC 771.3 773.0
RDC 689.0 700.8
G. Fontaras et al. / Energy 102 (2016) 354e364362future CO2 monitoring scheme as opposed to the speed versus
time option, which is used frequently for certiﬁcation purposes
for other types of vehicles. In case 1, the VECTO input parameters
were derived based on the proposed CO2 monitoring method-
ology, making use of certain default values instead of vehicle
speciﬁc values, fact which makes the particular simulation run
the one closest to the proposed CO2 monitoring methodology.
 In scenario 2 the real speed proﬁle recorded during test 1 was
used as input for the VECTO simulation (as opposed to the target
speed cycle in scenario 1). This simulation case in which the
‘best actual’ input parameters were used and the speed vs time
proﬁle was the measured one is the simulation case that most
closely matches the actual experiment.
As shown in Fig. 8 the average error between the measured on-
road fuel consumption and the simulated one was calculated to
be 1.2%, a very satisfactory ﬁgure considering that the standard
deviation of the tests was estimated to be of the same order of
magnitude (about 1.5%). The most accurate results are achieved
when simulating the target speed proﬁle with input parameters as
proposed in the declaration method (scenario 1), which is the
simulation run closer to the certiﬁcation method proposed. Very
good accuracy is also achieved when reproducing the actual speed
proﬁle with the best actual input parameters (scenario 2) which
indicates that VECTO can closely reproduce the on-road tests.
A more in depth investigation of VECTO's ability to reproduce
the on-road tests on a second per second basis is presented in Fig. 9
where the dashed line equal to 1.0 indicates the normalized average
accumulated fuel consumption. The green line represents the
evolution of the accumulated fuel consumption during the simu-
lation, normalized against the average of the measurements, and
the red dashed lines indicate the uncertainty of the fuel con-
sumption measurement on a 95% conﬁdence level. Apart from the
very good results obtained when simulating the total fuel con-
sumption over the entire test, it is important to note that fuel
consumption is fairly accurately simulated during the biggest part
of the test (i.e. from the 40th km and on simulation result lay al-
ways within the uncertainty limits of the measurements). The
initial underestimations are attributed to the effect of the vehicle0.8
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Fig. 8. Measured vs simulated total fuel consumption for Vehicle A. Error bars corre-
spond to ±s for 5 measurement runs.temperature, which increases friction in various components but
also fuel consumption for warming up the engine and the exhaust
after treatment system. An initial warm-up of 30 min took place
inside the JRC prior to the tests but this concerned mainly the en-
gine and not the gearbox or axles for which the temperature effect
is also important. The model does not consider the cold behavior of
components.
4.2.2. Vehicle B
Among the 3 measurement runs performed on-road with
vehicle B, the one that demonstrated fuel consumption closer to the
average of all measurements was selected in order to develop the
input cycle proﬁles for running the simulations. This reference run
demonstrated 0.25% higher fuel consumption than the average
value of the tests, with the corresponding standard deviation of all
runs being approximately 2%. Based on the reference run, two
different simulation scenarios were investigated:
 In the ﬁrst scenario a target speed cycle was derived based on
the measured speed vs time proﬁle and GPS data
 In the second case the speed and slope vs. time data series
recorded during the reference test were used
The necessary input data values were in both cases selected to
match those of the vehicle components.
The results of simulations 1 and 2 compared with the average
measured fuel consumption are presented in Fig. 10. Values are
normalized with respect to the average fuel consumption recorded
and error bars correspond to the standard deviation of the mea-
surement. The accuracy of the simulations was overall good with
simulation scenario 1 resulting in a 2.2% higher value compared to
the measurement and scenario 2 presenting a difference of
approximately 1.8%. Such deviations fall inside the accuracy range
that was observed for Vehicle A. In this case the use of the target
speed cycle compared to the actual speed vs time proﬁle results in
the level of error (approximately 2%). Given that the actual mea-
surement values presented a variability of 2%, it can be concluded
that the method has a very good potential for closely depicting
actual vehicle performance.
Fig. 11 presents a more in depth overview of the simulation's
accuracy throughout the test. Average measured fuel consumption
is normalized as 1.0 throughout the trip, while the green line cor-
responds to the accumulated fuel consumption of the simulation as
the test evolves.
Similarly to what was concluded for Vehicle A, the simulation
results fall within the uncertainty limits of the measurement dur-
ing most part of the test. Simulated fuel consumption remains
within a ±5% margin of the measured consumption for almost 75%
of the total trip and within a ±3% range of the measured value for
more than 50% of the trip. Once more, the initial underestimations
can be attributed to the effect of the vehicle temperature, which
increases friction in various components but also fuel consumption
for warming up the engine and the exhaust after treatment system.
In terms of CO2 measured during on-road tests, Table 5 sum-
marizes the average values for both vehicles. In the case of vehicle
A, the 656 gCO2/km value obtained is totally in line with the
emission values recorded on the chassis dyno test. A high speciﬁc
emissions value of 806 gCO2/kWh was estimated compared to the
chassis dyno tests (606e730 gCO2/kWh) possibly due to un-
derestimations of the power delivered at the wheel. In the case of
vehicle B, the 1118 gCO2/km emissions value obtained is substan-
tially higher compared to the ones measured on the chassis dyno
(670e770 gCO2/km), an expected ﬁnding since the vehicle was
carrying a substantially higher load on the road. The estimated
speciﬁc value (678 gCO2/kWh), is however in line with the value
Fig. 9. Results of scenario 1 (a) and scenario 2 (b). Normalized simulated fuel consumption over trip distance (1.0 ¼ fuel consumption measured during test 1). The green line
corresponds to simulation results, while red lines indicate the measurement uncertainty on a 95% conﬁdence interval. The blue trace indicates the speed over distance trace of the
vehicle. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 10. Measured vs simulated total fuel consumption for Vehicle B. Error bars
correspond to ±s for 3 measurement runs.
G. Fontaras et al. / Energy 102 (2016) 354e364 363measured for the RDC on the chassis dyno (700 gCO2/kWh). Once
more, the small difference can be explained by the higher load of
the truck.5. Conclusion
The ﬁndings of the present study suggest that a simulation
based certiﬁcation approach for fuel consumption and CO2Fig. 11. Normalized simulated fuel consumption over distance from start (1.0 ¼ fuel
consumption measured during reference test) for Vehicle B. The green line corre-
sponds to simulation results(scenario 1) while red lines indicate the measurement
uncertainty on a 95% conﬁdence interval (±2s). The purple trace indicates the speed
over distance trace of the vehicle. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)emissions from HDVs is feasible. The analysis of different simula-
tion scenarios showed that the declarationmethod that is currently
under development, although not ﬁnalized yet, is able to provide
results that are representative of the real world performance of
HDVs e for the categories tested e if the appropriate input data are
available.
Chassis dyno tests indicated the uncertainty of the simulation to
be in the order of 2e3%, with however greater divergences being
observed at the urban parts. In any case, further analysis will still be
required to verify and trace the discrepancies. On the other hand,
the simulated fuel consumption for on-road operation was calcu-
lated roughly within a ±3% range from the real world measure-
ment, while in several cases it proved to be even closer than that (in
the order of±1.5%). However, the divergencewas greater during the
initial stages of the trip, something that can be attributed to the fact
that VECTO does not simulate cold-starts. Given the variability of
the actual measurement (s ¼ 2%), it is concluded that a future
certiﬁcation approach for HDVs can be based on vehicle simulation
tools.
The European Commissionwill continue to support this work in
the following years aiming to establish a ﬁrst simulation based
certiﬁcation scheme by 2017 for delivery trucks, the HDV category
that accounts for the majority of the CO2 emissions fromHDVs. This
new initiative will strengthen the European CO2 abatement policy
in the transport sector and opens new opportunities for better
market support and consumer awareness as fuel consumption is
one of the ﬁrst key priorities of HDV buyers. Additional vehicle
categories are expected to follow at a later stage.
On the technical side, there are important improvements that
should take place before the implementation of the certiﬁcation.
Some of them include the improvement of simulation approach
regarding certain vehicle components and technologies (automatic
gearboxes, driver aids, auxiliaries, etc.), the development of certi-
ﬁcation procedures for producing the input data for various com-
ponents (i.e. transmission losses, air-drag coefﬁcients, tyres), and
further development and optimization of the VECTO simulator.Table 5
Average CO2 emissions of on-road tests.
CO2 emissions
(g/km)
Estimated speciﬁc
emissions (gCO2/kWh
delivered at the wheel)
Veh. A 656.7 806.4
Veh. B 1118.8 678.5
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